We introduce an all-glass, vacuum tight, fiber-integrated and alkali compatible spectroscopy device consisting of two conventional optical fibers spliced to each end of a capillary. This is mainly realized through a decentered splicing method allowing to refill the capillary and control the vapor density inside. We analyze the light guidance of the setup through simulations and measurements of the transmission efficiency at different wavelengths and show that filling it with highly reactive alkali metals is possible and that the vapor density can be controlled reliably.
I. INTRODUCTION
Many laser based applications, for example highprecision frequency measurements, electromagnetic field sensing and non-linear and quantum optics use gas-phase materials. To implement these in practical and compact devices hollow-core fibers show a promising approach. They can be filled with various gases and have a large overlap between the light field and the atomic ensemble. Gas-based all-fiber devices consisting of a hollowcore photonic crystal fiber (HC-PCF) with a conventional optical single-mode fiber spliced at each end have been reported in [1] . Here the fibers were loaded with the active gas through the use of helium as a buffer gas to reduce contamination during the splicing process. They could be successfully filled with acetylene or hydrogen, but loading them with alkali metals was challenging due to the high reactivity of the alkali. That would however be of great interest since alkali atoms are spectrally indistinguishable and therefore very suitable for reference measurements, non-linear optics like the storage of light [2] and for sensing applications [3] . For example the base unit of time, the second, is defined through a transition frequency in cesium. Nevertheless, there have already been different approaches to fill fibers with alkali metals. In Ref. [4] the hollow-core fibers were filled with lasercooled rubidium atoms to achieve non-linear optics at a very low light level and in Ref. [5] a high optical density for ultra-cold atoms inside a fiber has been achieved. However, the filling process with ultra-cold atoms is demanding and it is not feasible to achieve miniaturized and integrable tools. Abandoning the cooling and loading the fiber with room-temperature atoms is a promising step in this direction and has already been demonstrated with rather bulky alkali reservoirs including vacuum chambers made of steel. [6] [7] [8] . Aside from that it is sometimes also advantageous to have all-glass vapor cells operating at room-temperature, for example if high densities * r.loew@physik.uni-stuttgart.de are required as it is the case for applications like electromagnetic field sensing [9] . In this paper we introduce an all-glass, fiber-integrated device, which can be filled with a hot alkali vapor by means of a newly developed decentered splicing method. This method leaves a gap through which the atoms can pass to fill and refill the fiber from an attached reservoir. In the following the manufacturing process is described in detail and the proof of principle is produced through filling the device successfully with rubidium and performing absorption spectroscopy with it. Figure 1 : Schematic overview (not to scale) of the fiber-integrated device for the spectroscopy measurements. The light is injected from the left hand side through a single-mode fiber (SM Fiber). It propagates inside the spectroscopy capillary and after leaving the capillary is collected by a multi-mode fiber (MM Fiber). To allow the desired atoms to enter the spectroscopy capillary the MM fiber was spliced decentered into an adapter capillary and placed inside a reservoir.
II. MANUFACTURING PROCESS
The basic concept is similar to the one shown in [1] : a hollow-core fiber, in our case a capillary with a core diameter of 56 µm, is spliced to a conventional optical fiber at each end (see Fig.1 ). The fiber array was designed at the base of the following criteria: First of all, the probe beam has to be guided through the capillary with a large interaction cross-section between light and atoms (i.e. a large mode diameter in the capillary) and with an acceptable amount of losses to allow for spectroscopy. This can be achieved with splicing a single-mode (SM) fiber to the capillary while optimizing the mode matching between the two. Second, the light has to be collected behind the capillary. Since the cross section of the modes in the capillary is large, a fiber with a wide core to collect all the light is desirable, therefore a multi-mode (MM) fiber is used. Third, the capillary needs to be filled with a controlled atmosphere of atoms. This is the most difficult part to achieve with alkali atoms because of their high reactivity. In previous attempts the fibers were filled under vacuum conditions and then the ends were sealed with a CO 2 -laser. This did not lead to the desired outcome because of chemical reactions of the alkali with atoms inside the fiber walls during the sealing process and the density changing therefore non-reproducibly. Another problem is that over longer time scales the alkali atoms diffuse into the glass walls, leading to a density loss. If this loss is countered with a very high initial density, the atoms build a thin film on the capillary walls, which reduces the light propagation. The solution to this problem is to have a reservoir from which the capillary can be refilled and thus the density controlled. This can be attained through a decentered splicing method, which we describe in the following. Fig.1 depicts a schematic overview of the used fiber assembly. The light was injected into the spectroscopy capillary through a Thorlabs 780 HP single-mode fiber. It was made of fused silica and had an outer diameter of 125 µm and a core diameter of 4.4 µm. The outer diameter of the fused silica spectroscopy capillary was 192 µm, the inner diameter 56 µm and its length amounted to 2 cm. The SM fiber was directly spliced onto the spectroscopy capillary using a Fitel S184-PM fusion splicing device. Here, a mechanically stable and vacuum tight connection could be accomplished. Furthermore, the splicing parameters were adjusted in such a way that the inner part of the spectroscopy capillary did not collapse (which would eventually prevent guiding of light inside the capillary).
At the end of the spectroscopy capillary the light was collected by a MM fiber. The fiber had a cladding diameter of 125 µm and a core diameter of 105 µm being substantially larger than the inner diameter of the spectroscopy capillary. The MM fiber was placed inside a 2 cm long adapter capillary with an outer diameter of 277 µm and an inner diameter of 141 µm (see Fig.2 ). This difference of 16 µm between the cladding diameter of the MM fiber and the inner diameter of the adapter capillary allowed for using a decentered splicing method which opened a path for the atoms through the resulting channel at the side of the MM fiber. To achieve this, first the two capillaries were spliced on each other. Afterwards, the MM fiber was pushed into the adapter capillary with a remaining gap to the spectroscopy capillary of about 100 µm. The MM fiber was placed at the bottom of the adapter capillary and spliced in this position a few millimeters behind the connection of the two capillaries. This leaves an open path for the atoms to travel through (see Fig.1 ). The fiber assembly was then placed inside a vacuum-tight reservoir. The fiberfeedthroughs were created relying on the different melting points for different glass materials, as described in detail in Ref. [10] . 
III. LIGHT GUIDANCE
The coupling of the light from the SM fiber to the spectroscopy capillary was simulated for light with a wavelength of 850 nm using the Software Fimmwave. The coupling of the light into the capillary is coherent and the light field inside the capillary can be represented by a linear combination of the fundamental and higher-oder modes in the basis of the capillary mode. Here, in a first step the modes inside the SM fiber and the capillary and in a second step the overlap integral between these modes were calculated. The calculated coupling efficiency from the fundamental mode of the SM fiber to the fundamental mode of the capillary was about 10%. The residual light was coupled to the higher-order part of the mode propagating inside the capillary, which leads to a coupling efficiency for all considered modes of about 60%. The resulting simulated intensity distribution over the first 1 mm of the spectroscopy capillary is depicted in Fig.3a ). It shows a combination of the fundamental mode and higher-order modes of the capillary, their field distributions reach further outward and show therefore a higher loss than the fundamental mode. However, a good confinement in the center of the capillary and a good interaction cross section was observed. The measured transmission efficiency of the light with a wavelength of 850 nm inside the capillary over a length of 2 cm was about 35%. This value originates most likely from hard to quantify higher-order losses inside the capillary in addition to the simulated coupling efficiency of the modes of 60 %. The measured intensity distribution at the end of the spectroscopy capillary can be seen in Fig.3b) .
The device was especially designed to work with the The rubidium diffused into the spectroscopy capillary through the gap resulting from the decentered splicing of the MM. The spectroscopy was done with 780 nm light coupled into the SM fiber and read out after the MM fiber with a photo-diode (PD).
highly reactive alkali metals (which render the loading process challenging) but it can be used to do spectroscopy with various gases and liquids. In this case it was exemplary filled with rubidium (see section IV). The device is also versatile in respect to the used wavelength and light with a wavelength of 780 nm is used to drive the D2-line of rubidium. • C. Red: Coupled into the MM fiber and read out after the SM fiber at T res = 70
• C. The signal has been upscaled to fit the same transmission region as the other signal for better comparison. Dashed black: Gaussian fit summed over all hyperfine transitions.
whole device (meaning the ratio of the laser power before coupling into the SM fiber and after coupling out of the MM fiber) for light with this wavelength was 5%, being still enough for the spectroscopy purpose. Coupling the light into the other direction lead to efficiencies two orders smaller of around 0.01%. This is primarily due to the fact that in this direction the coupling efficiency into the capillary is worse and the SM fiber does not collect as much light from the capillary as the MM fiber does. The coupling efficiencies after the filling process stayed roughly the same.
IV. SPECTROSCOPY
To fill the capillary with rubidium, the capillary was first attached to a vacuum setup via the tube attached orthogonal to the fiber-array seen in Fig.4 where also a ampule with liquid rubidium was attached to. It was then evacuated to a high vacuum of approximately 10 −7 mbar before opening the ampule and guiding a liquid rubidium droplet into the handle and detaching it from the vacuum setup. This droplet can now be used as a reservoir to control the density inside the capillary and refill it through the gap on the MM side. Afterwards the whole device was placed into an oven, which allowed to control the temperature independently for the part containing the capillary, and the reservoir. With two Pt100-elements and PID-controllers the parts of the device were kept at constant temperatures with different set-points: The vapor pressure of the rubidium atmosphere is controlled by the reservoir temperature, which was set to 70 • C. To avoid condensation of the alkali inside the capillary, the temperature of the active part of the device was kept slightly higher, at 80
• C. The curing of the fiber only takes a few days in comparison to several month reported in [11, 12] since it is miniaturized and therefore more easily heatable and cold spots can be avoided. Light with a wavelength of 780 nm was coupled into the fiber to drive the D2-line of the rubidium for the measurements and read out after the MM fiber using a photodiode (PD). In Fig.5 the resulting absorption spectra can be seen for the two different coupling directions. In both directions a good signal can be achieved. The device is of course designed to be operated SM to MM direction but being able to work in both directions could allow for spectroscopy with counter-propagating beams like for example saturation spectroscopy. The taken spectrum can be fitted with a simple Gaussian function, which is summed over all hyperfine transitions. From this fit (see Fig.5 ) the optical density inside the capillary can be derived. It can be controlled through the temperature control of the oven, which can be seen in Fig.6 where the temperature of the capillary is left constant while the temperature of the reservoir is scanned from 70
• C to 45
• C and back to 70 • C again. When the temperature in the reservoir drops the rubidium vapor density inside the reservoir goes down as well. This leads to a diffusion from the capillary through the gap into the reservoir and therefore the density inside the capillary drops as well. In Fig.6 this behavior can be seen as the density follows the temperature pretty instantaneously. In the end the same optical density is reached as at the beginning. This shows that the density inside the fiber can be quickly and reliably adjusted through the temperature control. In future this could also be done by light induced atom desorption [11, 12] .
V. OUTLOOK
With the device described in this paper we have provided a proof of concept for an all-glass fiber-integrated spectroscopy device with hot alkali vapor. A sufficient lifetime of this type of device is expected, since we did not observe any degradation of its performance during an observation period of six months. We can now think about further improvements to get integrable devices. First of all it would be reasonable to get an obstruction-free spectroscopy area. This is easily attainable by moving the attachment place of the reservoir like it is for example shown in Fig.7a ). This could of course lead to different diffusion path lengths and therefore a change in optical density adjustment times but should show no difference in the other properties discussed. To achieve an antenna-like structure the single-mode fiber could be replaced by a mirror placed at the end of the capillary and sealing it off (Fig.7b) ). In this case the MM fiber has to guide the light to the spectroscopy capillary as well as collect it after the reflection and guide it to a photo-diode to do the signal read out. If one wants to increase the flexibility of the sensing area a hollow-core photonic crystal fiber (HC-PCF) could be spliced to the capillary Fig.7c ) and then either be followed by a SM fiber or a mirror. The transmission properties of the cases b) and c) are of course completely different as for the case described in this publication and have to be examined separately. The working principle of the device however should not change since the filling mechanism of the spectroscopy capillary stays the same.
